
ENSEÑANZA REVISTA MEXICANA DE FÍSICA E 54 (1) 15–24 JUNIO 2008

Thermal model for a microhot plate used in a MEM gas sensor

M. Alfredo Reyes-Barrancaa, J.L. Gonźalez-Vidalb, and A. Tavira-Fuentesa
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A thermal analytical model for a MEM gas sensor is presented and compared with an electrical circuit equivalent model. The objective is to
study the temperature performance of the microhot plate configured within a MEM structure used for gas sensing. From this, it is possible to
determine the magnitude of the electrical current that must be applied to the polysilicon heater on regard of its dimensions and materials used,
for instance, when the sensor structure is fabricated with a MEMS technology compatible with CMOS integrated circuits fabrication. Results
are presented where the response time and temperature level, as a function of applied current, can be determined. The model presented can
be used as a base for designing microhot plates operating in gas sensors, where temperatures in the order of 300◦C are needed and that will
be integrated monolithically with associated electronics, with constraints as minimum power dissipation.
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En este trabajo se presenta un modelo analı́tico térmico para un microsensor de gas MEM y, además se compara con un modelo de circuito
eléctrico equivalente, con el objetivo de estudiar el comportamiento térmico de una micro placa caliente de una estructura MEM utilizada en
el sensado de gases. Por lo anterior, es posible determinar la magnitud de la corriente eléctrica que debe ser aplicada a un micro calefactor de
polisilicio, considerando sus dimensiones y los materiales utilizados; por ejemplo, cuando la estructura del sensor es fabricada con tecnologı́a
MEMS, la cual es compatible con la fabricación de circuitos integrados CMOS. Los resultados mostrados son el tiempo de respuesta y nivel
de temperatura como función de la temperatura corriente aplicada. El modelo presentado puede ser aplicado como base para el diseño de
micro placas calientes usadas en sensores de gases, donde se necesitan temperaturas en el orden de los 300◦C, dichos sensores de gas serán
integrados monolı́ticamente con su electrónica asociada correspondiente, considerando un consumo de potencia mı́nima.

Descriptores: MEMS; microplaca caliente; conductividad térmica; respuesta electrotérmica.

PACS: 82.47.Rs; 82.45.Mp; 85.40-e

1. Introduction

Gas sensing is a main activity when monitoring toxicity lev-
els or pollution environments, for instance. A variety of gas
sensors are offered commercially that depend on the type
of gas, either oxidizing or reducing gas. Also, the operat-
ing principle can be based on Taguchi configurations or thin
metal oxides layers, like SnO2 or ZnO. Actually, work is still
in course to study different materials that can be feasible to
fabricate gas sensors in a vast variety of applications as toxic
o explosive gas detection [1], or for electronic noses sensing
even organic compounds [2]. Most of the efforts are directed
to conceive compact units that integrate the sensor and the
processing signal electronics in the same chip, reducing im-
portant issues as costs and power dissipation, and also that
can be readily processed in batch [3-10].

One kind of gas sensor is actually thehigh temperature
chemioresistor sensor[11], whose structure is formed by a
heater beneath a microhot plate (MHP) and a thin metal ox-
ide layer, with operating temperatures of 200-600◦C. This
heating is necessary for the reaction between the film and the
gas, to take place. The MHP can be considered as the heart
of the sensor, since it delivers the temperature necessary to
activate the sensing mechanism and stores the charge within
the metal oxide layer, as a function of temperature and gas
concentration. As the trend is to integrate monolithically

the sensor and the electronics, this range of temperatures
is not affordable for an electronic circuit, so some kind of
isolation must be conceived to allow the operation of both
items in a same substrate. What can make this possible is
the micro-electro-mechanical-systems (MEMS) technology,
taking advantage of the volumetric micromachining and cre-
ating a suspended diaphragm where the sensor structure is
made on. Figure 1 shows a cross section of such a structure,
with Si as the substrate and different layers of polysilicon,
silicon dioxide and metal oxide. An anisotropic etching of
the substrate is performed from the surface to the volume,
leaving a cavity below the suspended structure and in prac-
tice, thermally isolating all the surroundings in a high degree.
This way, any kind of signal processing electronics can be
integrated near the sensor with no problem and achieving
the purpose of a monolithic integration of the sensor system.
Another concern to be considered when designing this kind
of systems is to lower the power dissipation, even more if one
of the purposes is to implement a portable measuring device.
Here, parameters such as the structure dimensions and mate-
rials used, define the performance in this direction. So, it is
important to consider the role played by them, the same way
as how the structure is laid-out, to predict the thermal oper-
ation of the microhotplate with certain initial and boundary
conditions imposed by the design, then having the possibility
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FIGURE 1. Microhot plate structure used in a MEM gas sensor, a)
cross section; b) SEM micrograph.

to optimize it. In this paper, a model to study the thermal
performance of a particular structure is presented, but can be
adapted to any desired geometry or material of the microhot
plate.

Figure 1 shows the characteristics of a particular technol-
ogy that offers two polysilicon layers (PolyI and PolyII), that
are separated by a layer of silicon dioxide (SiO2). The out-
ermost layer is the metal oxide sensor layer. PolyI is used
as the heater and PolyII is a layer whose function is to col-
lect the charge due to the chemical reaction over the sensing
layer, creating a potential that can be transferred to a MOS-
FET gate, for instance.

2. Electro-thermal model of the MEM gas sen-
sor

As mentioned before, heating is an important issue in the per-
formance of the gas sensor. This can be easily achieved by
Joule heat generation in a resistive element as polysilicon,
the material from which the heater can be done and being
compatible with CMOS integrated circuits technology. Con-
ducting a controlled electric current through the polysilicon
heater, temperature can be controlled as well [12]. Also, hav-
ing a good thermal isolation to the surroundings, high tem-
peratures can be achieved with low power consumption [13].
However, since the materials and the fabrications steps used
in the MHP, are predefined by the standard technology, this
could drive to some limitations in terms of the performance
and reliability of the sensor. As a consequence, it is important
to study the thermal performance of the MHP in those terms.
Then, it is useful to have a model that describes the thermal
behavior of the device in order to characterize parameters as
thermal efficiency, thermal time constant and power dissipa-
tion, hence having the chance to optimize the design of the
structure, as well as the design of the control and read-out
circuits.

Therefore, the heat transference model in devices can be
the base in the development of the desired model for the
MHP. The former is based in the solution of the equation for
heat conduction [4] and approximations from equivalent cir-
cuit models. These are widely used as thermal models due
to their easy implementation in circuit simulators as SPICE
and from where semiconductor devices are traditionally ana-
lyzed. A mapping between electric and thermal behavior is
simple, although solutions are for one dimension geometries.

2.1. Electro-thermal equivalent circuit

Heat conduction processes can be modeled using two im-
portant parameters relating material properties, as thermal
resistance and thermal capacitance, giving the opportunity
to derive electric models using these elements, from where
temperature variations over different points in the system,
can be calculated. Therefore, an electric analogy can be used
to study thermal performance of such systems as the one
considered in this study. Here it is important to remember the

TABLE I. Thermal to electric parameter equivalence.

Thermal parameter Electrical parameter

Temperature:T (◦C)
Heat flow, PowerP (W)
Heat:Q (J = W-sec)
Resistance:R (◦C/W)
Conductance:G (W/◦C)
Capacitance:C (J/K)
Thermal resistivity:ρth(◦C-m/W)
Thermal conductivity:κ (W/◦C-m)
Specific heat:cp (J/Kg-◦C)

Voltage:V (V)
Current:I(A)
Charge:Q (C = A-sec)
Resistance:R (Ω = V/A)
Conductance:G (S =Ω−1)
Capacitance:C (F = A-sec/V)
Electric resistivity:ρe1 (Ω-m)
Electric conductivity:σ (S/m)
Permitivity: ε (F/m)
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FIGURE 2. Thermo-electric model for the MHP, to study the heat
transference within the microhot plate of a MEM gas sensor.

electric to thermal equivalence, and this can be seen in Ta-
ble I.

Here, a model is developed to anticipate the theoretical
thermal response of the MHP as a function of the current ap-
plied to the heater. The basis of the model is shown in Fig. 2,
where the following considerations were made in order to
simplify it: first, the polysilicon heater has a uniform tem-
perature along the suspended diaphragm; second, heat loss
across the ends of the heater is not considered since the cross-
sectional area of the heater is small compared to its surface
area, as well as the heat loss due to the contact between the
different layers of the MHP, since they are very thin; and
third, the substrate is considered to have a uniform temper-
ature,Ts, equal to room temperature,To; that is, the substrate
is thermally isolated from the MHP, assuming that the cavity
avoids temperature diffusion to the Si substrate, as has been
practically demonstrated [6]. In Fig. 2, TP1, TP2 and TPS
are the nodes representing the temperature in polysilicon 1,
polysilicon 2 and the sensor layer (metal oxide thin layer),
respectively. Cthp1, Cthox, Cthp2 and Cthps are the thermal
capacitances of polysilicon 1, silicon dioxide, polysilicon 2
and the sensor layer, respectively. Finally, Rthox, Rthp2 and
Rthps are the thermal resistances of silicon dioxide, polysili-
con 2 and the sensor layer, respectively.

The differential equation that describes the transient ther-
mal performance of the microhot plate is, from the heat con-
duction expression [14],

ρ c
∂T

∂t
= ∇ · (κ ∇T ) + J ∇ψ, (1)

whereκ is the thermal conductivity,ψ is the electric poten-
tial, J is the current density,ρ is the material density andc is
the specific heat. Equation (1) holds for either conducting or
isolating materials of the MHP. The left side of Eq. (1) can be
modeled with a capacitance, whose magnitude is the result of
integrating the time dependent term [15]

ρ c
∂

∂t

∫

V

T dV . (2)

The second term on the right represents Joule heating of
the polysilicon heater, so that Eq. (1) can be written as fol-

lows:

Cth
∂T

∂t
=

∆T

Rth
+ I2R(T ), (3)

whereCth is the thermal capacitance,Rth is the thermal re-
sistance,∆T represents the temperature difference between
the heater and room temperature,I is the electric current
through the polysilicon heater andR(T ) is its resistance as
a function of temperature, since it is well known that the re-
sistance value of this material is temperature dependent [16].

Thermal capacitance and resistance are given by Eqs. (4)
and (5):

Cth = ρ c V (4)

Rth =
l

κ A
, (5)

whereV is the volume of the material,l is the heat flow di-
rection within the material andA is the cross-sectional area
normal to the flow. Having the electric circuit and the expres-
sions of the elements as a function of the material properties,
the system can now be thermally analyzed if dimensions are
given to the MHP structure. Based on the consideration men-
tioned above, and making use of Eq. (3), an energy balance
of the equivalent circuit can be made to obtain a system of
differential equations that can describe the steady state ther-
mal behavior of the sensor structure, as shown next:

CP1
∂TP1

∂t
= I2R(T )− TP1 − TP2

ROX

CP2
∂TP2

∂t
=

TP1 − TP2

ROX
− TP2 − TPS

RP2

CPS
∂TPS

∂t
=

TP2 − TPS

RP2
− TPS

RPS
. (6)

The sub-index in each term stands for the corresponding
node in Fig. 2. The termR(T ) in equation (3) can be de-
scribed by the following expression:

R(T ) = R0 [1 + α (T − T0)] , (7)

whereR0 is the average resistance at temperatureT0, that
will be considered in this case as the room temperature and
α is theTemperature Coefficient of Resistance, TCR. Then,
with the substitution of Eq. (7) into Eqs. (6), we obtain

∂TP1

∂t
=

I2R0

CP1
+

α I2R0

CP1
TP1 − 1

ROXCP1
TP1

+
1

ROXCP1
TP2

∂TP2

∂t
=

1
ROXCP2

TP1 − 1
ROXCP2

TP2 − 1
RP2CP2

TP2

+
1

RP2CP2
TPS

∂TPS

∂t
=

1
RP2CPS

TP2− 1
RP2CPS

TPS
1

RPSCPS
TPS . (8)
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To find the solution of the system of equations, the fol-
lowing initial conditions are considered:

TP1 (t = 0) = 0◦C

TP2 (t = 0) = 0◦C

TPS (t = 0) = 0◦C. (9)

In order to simplify the expressions, the following con-
stants are defined:

A=
I2R0

CP1
; B=

αI2R0

CP1
; C=

1
ROXCP1

; D=
1

RP2CP2
;

E=
1

ROXCP2
; F=

1
RPSCPS

; G=
1

RP2CPS
. (10)

Using Eqs. (10) in equations (8), we obtain

∂TP1

∂t
= A + (B − C) TP1 + C TP2

∂TP2

∂t
= E TP1 − (D + E) TP2 + D TPS

∂TPS

∂t
= G TP2 − (F + G) TPS . (11)

Again, the next constants can be defined:

H = C −B,

J = D + E,

K = F + G, (12)

from which the system of equations is, finally:

∂TP1

∂t
= A−H TP1 + C TP2

∂TP2

∂t
= E TP1 − J TP2 + D TPS

∂TPS

∂t
= G TP2 −K TPS . (13)

It is convenient to handle Eqs. (13) as a matrix, as follows:



sTP1(s)
sTP2(s)
sTPS(s)


 =



−H C 0
E −J D
0 G −K


 ·




TP1(s)
TP2(s)
TPS(s)


 +




A(s)
0
0


 +




TP1(0)
TP2(0)
TPS(0)


 (14)

or:



s + H −C 0
−E s + J −D
0 −G s + K


 ·




TP1(s)
TP2(s)
TPS(s)


 =




A(s)
0
0


 +




TP1(0)
TP2(0)
TPS(0)


 , (15)

and using the initial conditions (9) in (15),




TP1(s)
TP2(s)
TPS(s)


 =




s + H −C 0
−E s + J −D
0 −G s + K



−1

·



A(s)
0
0


 . (16)

Taking the inverse of (16), the matrix is now:




s + H −C 0
−E s + J −D
0 −G s + K



−1

=




s2 + s(J + K) + JK −DG sC + CK CD
sE + EJ s2 + s(H + K) + HK sD + DH
EG sG + GH s2 + s(J + H) + (HJ − EC)


 1

∆(s)
(17)

where

∆(s) =

∣∣∣∣∣∣

s + H −C 0
−E s + J −D
0 −G s + K

∣∣∣∣∣∣

= s3 + s2(H + J + K) + s(JK + HK + HJ − CE −DG) + (HJK −DGH − CEK) (18)
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Equation (17) can be also simplified, by defining the fol-
lowing constants:

L = H + J + K ;

M = JK + HK + HJ − CE −DG ;

N = HJK −DGH − CEJ ;

O = J + K ; P = CK.

Then, Eq. (18) can be expressed as:

∆(s) = s3 + Ls2 + Ms + N. (19)

Now, Eq. (16) can be used to solve forTP1, which is the
temperature present in the polysilicon heater:

TP1(s) =
A(s) · [s2 + sO + P

]

∆(s)
,

whereA(s) = A/s, and so

TP1(s) =
A · [s2 + sO + P

]

(s− 0) (s− λ1) (s− λ2) (s− λ3)
, (20)

andλ1, λ2, λ3 are the roots of the third degree equation.
Applying partial fraction expansion and the inverse

Laplace transform,TP1 can be obtained as a function of
time:

TP1(t) = Ψ0 + Ψ1`
λ1t + Ψ2`

λ2t + Ψ3`
λ3t, (21)

where

Ψ0 = − A · P
λ1 · λ2 · λ3

Ψ1 =
A

(
r2
1 + r1O + P

)

λ1 (λ1 − λ2) (λ1 − λ3)

Ψ2 =
A

(
r2
2 + r2O + P

)

λ2 (λ2 − λ1) (λ2 − λ3)

Ψ3 =
A

(
r2
3 + r3O + P

)

λ3 (λ3 − λ1) (λ3 − λ2)

λ1 =
Y1 − L

3
λ2 =

Y2 − L

3
λ3 =

Y3 − L

3

Y1 = 3
√

U + 3
√

V Y2 = w
3
√

U + w2 3
√

V

Y3 = w2 3
√

U + w
3
√

V

w =
−1 +

√−3
2

U = −R

2
+

√
R2

4
+

Q3

27

V = −R

2
−

√
R2

4
+

Q3

27

Q = 9M − 3L2 R = 27N − 9LM + 2L3.

Finally, the solution of equations (8) with initial condi-
tions (9) is given by the following expressions:

TP1(t) = Ψ0 + Ψ1`
λ1t + Ψ2`

λ2t + Ψ3`
λ3t

TP2(t) =
1
C

[
λ1Ψ1`

λ1t + λ2Ψ2`
λ2t + λ3Ψ3`

λ3t

− (B − C)TP1(t)−A]

TPS(t)=
1
D

[
dTP2(t)

dt
+(D+E)TP2(t)−ETP1(t)

]
. (22)

These expressions define temperaturesTP1, TP2 and
TPS in the respective nodes of the electric circuit shown in
Fig. 2, at any time. From Eq. (22), temperatureTP1 at an
infinite time is

TP1(∞) = Ψ0; τ1 =
1
|λ1| ; τ2 =

1
|λ2| ; τ3 =

1
|λ3|

If a rectangular current pulse is applied to the polysilicon
heater, the time dependence of temperature can be described
as follows:

TP1(t)=TP1(∞)− |Ψ1| `−
t

τ1− |Ψ2| `−
t

τ2− |Ψ3| `−
t

τ3 . (23)

Then, to finally plot the variation of temperature when the
heater is excited with a rectangular current pulse, thermal re-
sistances and capacitances must be calculated regarding the
material used in the structure. This can be done with the fol-
lowing expressions:

Rth =
L

κA
, (24)

Cth = m · ce, (25)

m = ρ · V, (26)

whereL is the length, in m;κ is the thermal conductivity, in
W/◦C-m; A is the cross-sectional area, in m2; m is the mass
of the material, in Kg;ρ is its density, in Kg/m3; V is the vol-
ume, in m3 andce is the specific heat in W-sec/Kg-◦C. Table
II shows the values of these parameters for the materials used
in the technology considered [17,18].

Using Eqs. (24)-(26) with the parameters listed in Table
II will result in the following values of thermal resistances
and capacitances for each layer:

CP1 = 3.5014 n Wseg/◦C (27)

Cox = 1.6991 n Wseg/◦C (28)

Cth1 = CP1 + Cox (29)

Cth1 = 5.2005 n Wseg/◦C (30)

ROX = 4.3208 ◦C/W (31)

CP2 = 15.73n Wseg/◦C (32)

RP2 = 2.9412 ◦C/W (33)

CPS = 4.7529 n Wseg/◦C (34)

RPS = 4.1152 ◦C/W. (35)
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TABLE II. Parameters of the different layers of the MHP structure.

Parameter Value Parameter Value Parameter Value

ρp 2320 Kg/m3 tp2 1 µm cps 523.35 J/Kg±C

cp 678 J/Kg◦C ρox 2200 Kg/m3 κps 6 W/m±C

κp 34 W/m-◦C cox 730 J/Kg-◦C wps 90 1m

wp1 10µm κox 1.4 W/m-◦C lps 90 1m

lp1 371µm wox 115µm tps 200 nm

tp1 600 nm lox 115µm α 1.0835× 10−3 ±C−1

wp2 100µm tox 80 nm R0 1545

lp2 100µm ρps 5606 Kg/m3 T0 27±C

tp1,p2,ox: layer thickness;lp1,p2,ox: layer length;wp1,p2,ox: layer width.

FIGURE 3. Temperature response of the heater as a function of
time.

FIGURE 4. Temperature response as a function of applied current.

Figure 3 shows the plot of Eq. (23) at different levels
of rectangular current pulses, from which it can be seen that
109.5 mA should be applied in order to reach 300◦C in the
polysilicon heater, for the dimensions selected in this design.

The time it takes for the temperature to rise from room tem-

FIGURE 5. Equivalent electric circuit for the MEM gas sensor.

perature to the temperature set by the applied current is about
1.2 µsec. When designing the electronic circuits, this anal-
ysis is useful for choosing the appropriate electronic con-
figuration for the current source that will be used to power
the heater. This current source should be integrated together
with the controlling circuit for the heater in the sensor sys-
tem, placed in the same chip. In this analysis, 300◦C is used
as the target temperature, since it was established as the best
temperature for the reaction between the gas and the sensor
layer, to take place [18]. On the other hand, Fig. 4 shows
now the plot of Eq. (23) as a function of the current applied.

2.2. Simulation with SPICE

The model shown in Fig. 2 can be simulated with SPICE,
which is a commonly used software, for circuit analysis.
The values used for the thermal resistances and capacitances
present in the circuit are also those calculated in the above
section and configuring the current source with square pulses.
As shown in Table I, the parameter of voltage is equivalent
to temperature, so we are interested in the potential at node
TPS; but the circuit should include an extra DC source that
will be the reference, instead of ground, and will be consid-
ered as room temperature and is represented in Fig. 5. For the
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simulation of the circuit, a 50% duty cycle of 1 KHz was ar-
bitrarily used, but this can be varied if an exhaustive analysis
is desired to see the effect of using different types of pulses
or waveforms. Therefore, the results presented here are for
these particular considerations, but can be different depend-
ing on what the designer has in mind for the system.

Figure 6 shows the result of the simulation, where a mag-
nitude of 24 A is enough to reach the target temperature of
300◦C. It should be remembered here that they-axis, given
in volts, is likely to temperature, but also, that the current
source used to drive the circuit, stands for the heat flow in
the thermal equivalence. This is the same as the power dis-
sipated by the polysilicon heater and is calculated using the
following equation:

P (T ) = I2R (T ) (36)

FIGURE 6. Temperature increase in nodes TP1, TP2 and TPS with
a rectangular current pulse of 24 A, 50 % duty cycle and 1 KHz of
frequency.

FIGURE 7. Comparison of the temperature response of the heater
with Eq. (23) and the equivalent electric circuit of Fig. 2.

Using Eq. (7) and the values ofα andR0 shown in Ta-
ble II, the result for a 300◦C temperature is

R (300◦C) = 2.002kΩ

Solving Eq. (36) forI, the current derived from the sim-
ulation is 109.49 mA, the same as that which was found an-
alytically. Again, this can be different if other waveform for
exciting the circuit is chosen and should give another current
magnitude. Finally, comparing the analytical solution with
that given by the simulation gives the same result, as can be
seen in Fig. 7. For this design, the response time for in-
creasing the heater from room temperature to 300◦C is about
1.2µsec. Thus, it can be concluded that the analytical model
is appropriate for the microhot plate design, together with the
circuit used.

2.3. Heat transference model

Another important concern in the performance of the micro-
hot plate is its thermal efficiency. Power consumption should
be minimized if the objective is to integrate the sensor with
the signal conditioning and control electronics. As high cur-
rents are needed to reach high temperatures in the sensor
layer, as shown in the above section, it is important to es-
tablish the parameters of the microhot plate that influence di-
rectly in power dissipation. This is closely related to heat
transfer in the system since heat is dissipated across the sys-
tem, the same time as it is generated. Then, regarding to the
electric power applied to the heater, it is dissipated by three
mechanisms: a) heat conduction to the structure surround-
ing the MHP; b) heat conduction to the air; and c) radiation.
Heat conduction to the air is lost by convection due to the in-
teraction between a solid and a fluid. When the MHP reaches
a steady state temperature, electric power consumption must
be equal to the heat loss,Pmc, and can be expressed in terms
of the previous mechanisms:

Rev. Mex. F́ıs. E54 (1) (2008) 15–24



22 M. ALFREDO REYES-BARRANCA, J.L. GONŹALEZ-VIDAL, AND A. TAVIRA-FUENTES

FIGURE 8. MHP model to consider heat loss by: a) conduction and
b) convection.

Pmc=acond(T−T0)+bconv(T−T0)2+crad

(
T 4−T 4

0

)
, (37)

wherea, b andc are constants related to heat loss by conduc-
tion, convection and radiation, respectively. The last type of
heat loss is negligible in devices operated at high tempera-
tures and will not be considered [19]. To analyze the thermal
behavior in a steady state of the MHP, a system similar to that
shown in Fig. 8 will be used to derive an equivalent circuit
that models heat loss by conduction and convection.

As established in Eq. (5), the resistance elements in
Fig. 8a can be expressed in terms of thermal conductivity,
considering heat loss by conduction:

R1 = R2 = R3 = R4
δ

kox ∗Acond
, (38)

whereδ is the distance of heat flow between the heater and
the suspended diaphragm of SiO2, κox is the thermal conduc-
tivity of silicon dioxide, andAcond is the cross-sectional area
between both materials. Considering the dimensions shown
in Fig. 8, Eq. (38) is then written as:

R1 =
u2
2 − a2

2

kox ∗ tox ∗ a1
=

u2 − a2

2 ∗ κox ∗ tox ∗ a1
(39)

Specifically,u2 is the silicon dioxide layer length,tox is
its thickness,a1 anda2 are the heater length and width, re-
spectively. From the nodal system in Fig. 8, and taking into
consideration Eq. (38), it follows that:

Rcond = R1//R2//R3//R4 (40)

Rcond =
u2 − a2

8 · kox · tox · a1
(41)

From Fig. 8 also,Rconv andRmpc are the resistive ele-
ments that represent the heat loss by convection to the cavity
and to the air, respectively. This kind of resistance is ex-
pressed in terms of the heat transference coefficient of the
material,h, given inW/◦C-m2 andASiO2 is the exposed area
from which the heat flows, given inm2. The former is ex-
pressed as follows:

Rconv =
1

h ·ASiO2
(42)

and the latter, is the sum of the series combination of the
individual thermal resistances due to conduction, of silicon
dioxide,Rox, polysilicon II, RP2, sensor layerRSL and the
resistance due to convection to the air,Rconv1. Since in this
kind of structure the layers are normally thin, conduction is
considered negligible compared to convection, so that:

Rmpc = Rox + RP2 + RSL + Rconv1 (43)

Rconv1 À Rox + RP2 + RSL

Rmpc = Rconv1

Rmpc =
1

h ·ASL
, (44)

whereASL is the area of the metal oxide layer, in m2.
On the other hand, the elements in the system store heat

as well, and this can be considered with the thermal capac-
itance,Cth, to take advantage of the electric equivalence of
the thermal system. In this case, this capacitance is repre-
sented between the node at which the heat is generated and
the node at which heat is dissipated, that is, the air outside
the sensor. Then, the simplified circuit shown in Fig. 9 will
represent the system from which a transient and steady state
analysis can be made.Tmc andT0, are the temperature in the
heater and room temperature, respectively;C is the thermal
capacitance of the MHP,Rcond, is the resistance due to heat
flow from the heater to the silicon dioxide beneath it,Rmpc is
the thermal resistance (convection) of the MHP, andRconv is
the thermal resistance due to convection to the etched cavity
in the substrate.

From Fig. 9, heat flow will result in the following expres-
sion:

C
dTmc

dt
= Pmc −∆T

(
1

Rcond
+

1
Rmpc

+
1

Rconv

)
, (45)

where∆T = (Tmc − T0).
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FIGURE 9. Equivalent electric circuit for transient and steady state
analysis.

FIGURE 10. Temperature as a function of applied power to
the MHP.

FIGURE 11. Temperature as a function of applied power to
the MHP, with different oxide thickness.

Using (41), (42) and (44) in (45),

C
dT

dt
= Pmc

−∆T

(
8 · kox · tox · a1

u2 − a2
+ h ·APS + h ·ASiO2

)
. (46)

To consider the steady state condition of the system, the
term on the left side of Eq. (46) must be made equal to zero,
and finally, the power dissipation of the system as a function
of ∆T can be obtained:

Pmc=∆T

(
8 · kox · tox · a1

u2−a2
+h ·APS+h ·ASiO2

)
. (47)

Using the coefficients of the materials involved and their
geometries as shown in Table II, withh=15 W/m2-◦C,
Eq.(47) can be plotted as shown in Fig. 10.

The inverse of the slope of the line in Fig. 10 gives the
thermal efficiency,η:

η =
∆T

∆P
, (48)

and from the plot, the thermal efficiency for the design pre-
sented is

η =
360◦C − 150◦C
6mW − 2mW

= 52.5◦C/mW. (49)

The results from Eq. (47) may be different if differ-
ent thicknesses of the layers are considered. For instance,
for different values of thickness in the SiO2 layer between
the polysilicon layers (since it has the highest thermal resis-
tance), the thermal efficiency can be increased or decreased,
as shown in Fig. 11.

From Fig. 11, it can be seen that thermal efficiency is
inversely proportional to the layer thickness, so that the tech-
nological issues are closely related to this parameter and, if
possible, it must be considered when designing a MHP if the
goal is to minimize the power consumption.

Finally, using the circuit of Fig. 9 again, the thermal con-
stant for the system being considered can be found from the
following equation:

τ =
C

Gcond + Gconv + Gmpc
, (50)

where

C = CP1 + COX + CP2 + CPS , (51)

which can be calculated with the coefficients of Table II and
G=1/R. Then, the value for the thermal constant isτ=1.36
msec. Again, this depends on the geometry and dimensions
of the layers used in the system and can be adjusted to opti-
mize it.

3. Conclusions

A model for the consideration of the geometry and type of
structure that can be used with a microhot plate applied to
gas sensors was developed. This model can be useful in cal-
culating or simulating the temperature performance when a
current source is powering the heater of polysilicon and there-
fore, it is possible to optimize the structure depending on the
technology from which the microhot plate will be fabricated,
for example, the thickness of the different layers and the ma-
terials used, including the sensor layer. The fact it placing
the microhot plate over a suspended diaphragm by MEMS
technology also helps to integrate the sensor structure with
the signal and controlling electronics, even when the sensor
works at 300◦C, since this temperature will be isolated from
the rest of the electronics, within the substrate, due to the
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poor heat transfer characteristics of the cavity. The power
consumption of the entire system can be optimized as well,
since one main objective for the performance of the sensor is

to obtain a high thermal efficiency by minimizing the power
used by the bias source.
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